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Archaeobotanical and genetic evidence
demonstrates that the ﬁrst morphologi-
cal changes in all of the earliest domesti-
cated plants were associated with wild
seed dispersal strategies that were no
longer advantageous under human
cultivation.
Domestication was/is a natural response
of plants to heavy seed predation by
humans. Many plants in the wild have
formed a similar seed dispersal–based
mutualism with animals as a response
to herbivory.Robert N. Spengler III1,*
It is well documented that ancient sickle harvesting led to tough rachises, but the
other seed dispersal properties in crop progenitors are rarely discussed. The ﬁrst
steps toward domestication are evolutionary responses for the recruitment of
humans as dispersers. Seed dispersal–based mutualism evolved from heavy
human herbivory or seed predation. Plants that evolved traits to support
human-mediated seed dispersal express greater ﬁtness in increasingly anthro-
pogenic ecosystems. The loss of dormancy, reduction in seed coat thickness,
increased seed size, pericarp density, and sugar concentration all led to more-
focused seed dispersal through seed saving and sowing. Some of the earliest
plants to evolve domestication traits had weak seed dispersal processes in
the wild, often due to the extinction of animal dispersers or short-distance
mechanical dispersal.Rather than viewing domestication as an
intentional human-driven process, do-
mestication is best modeled as a natural
evolutionary response to herbivory. Early
domestication traits gave plants a selec-
tive advantage through the recruitment
of humans as seed dispersers.
Many of the progenitors of our modern
domesticated crops relied on animals
for seed dispersal. The natural dispersal
processes of many of these crop pro-
genitors were weakened by megafaunal
extinctions.
1Max Planck Institute for the Science of
Human History, Kahlaische Str. 10,
07745 Jena, Germany
*Correspondence:
spengler@shh.mpg.de (R.N. Spengler III).The Origins of Agriculture
The linked questions of why, how, when, and where people ﬁrst domesticated plants and animals
are among the greatest mysteries in the development of human culture. Understanding how and
why humans gained the ability to produce grain surpluses is the key to understanding the special-
ization of artistic and intellectual pursuits, as well as the demographic changes that led to the for-
mation of cities and empires. Over the past century, scientists have made great strides in
answering the questions of when and where plants ﬁrst evolved in response to human selective
pressures [1,2]. However, there remains no clear consensus regarding the why and how ques-
tions [2,3]. The lack of agreement may be due to the way these two questions have been framed
since Darwin presented the concept of ‘artiﬁcial selection’ as opposite to or separate from natural
processes [4]. Thinking of domestication as unique from other evolutionary processes effectively
makes the why and how questions unanswerable – the greatest trick questions in the sciences.
The focus on human agency in the process has left scholars from Pumpelly [5] and Childe [6] to
Sauer [7], Cohen [8], Flannery [9], Hayden [10], and hundreds of others searching for rational
drivers of human innovation. After 160 years of research into the origins of agriculture, most
scholars ﬁnally accept that the process was not driven by conscious selection; in accepting
this, the scholarly community is poised to reframe the study of evolution under cultivation and
focus on the effects of heavy human herbivory on plant communities in the early and mid-
Holocene. In this paper, I argue that plant domestication originated through the evolution of
those traits which facilitated a stronger mutualistic bond between plants and people, with humans
providing seed dispersal services.
Evolutionary studies illustrate that mutualism often evolves from a predatory relationship [11,12].
In some cases, plants evolved sugar-rich fruits in order to recruit dispersers, and in other cases,
dispersers were enticed by the green foliage that surrounded small, dry-fruited seeds. The pro-
cess of plants in the wild evolving new traits in order to change their seed dispersal mechanism
is effectively the same process that led to morphological changes in seeds during the ﬁrst few340 Trends in Plant Science, April 2020, Vol. 25, No. 4 https://doi.org/10.1016/j.tplants.2020.01.005
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same drivers as all evolution. Ellstrand [13] recently mused that gene ﬂow, as the incorporation
of new alleles between genetically differentiated populations, is one of the strongest evolution-
ary forces in plants and is facilitated by seed dispersal. Studies show that low levels of gene
ﬂow often counteract the effects of mutation, genetic drift, and selection [13]. Gene ﬂow can
act to make a population more homogenous, or it can lead to genetic variation [14]. Rates of
gene ﬂow vary across space, through time, and between speciﬁc individuals [13]. However,
it is a necessary process for ensuring a healthy population, promoting diversiﬁcation, adaptive
evolution, and overall ﬁtness [15–17]. In plants, both intra- and interspecies gene ﬂow push
evolution forward [18,19]. As part of the gene ﬂow system, seed dispersal allows plants to
(i) avoid kin (sibling and parent) competition [20–22], (ii) avoid interspeciﬁc competition, (iii) re-
duce inbreeding [11,12], and (iv) colonize new areas [23–25]. Biotic dispersal can also lead
to directed dispersal, targeting prime colonization areas and allowing greater offspring success
rates than if dispersal were random [26]. Additionally, germination dormancy is seed dispersal
through time [27]. Following the Janzen-Connell hypothesis, low rates of seed dispersal will
lead to high rates of density-dependent mortality [28–30]. Many plants possess both biotic
and abiotic dispersal strategies or use multiple dispersal systems [31]. However, all plants
have evolved ways to move their seeds and spread their genes. Many scholars recognize
that these processes are only rarely opportunistic or random, although some scholars see
many rapidly growing annuals as having no speciﬁc dispersal strategy.
Rindos recognized the signiﬁcance of seed dispersal in the domestication processes, and he
cautiously stated that the ‘evolution of cultivated plants came about by the development of spe-
cialized dispersal relationships between humans and numerous previously opportunistically dis-
persed plants’ ([32], p. 120). Other scholars since then have acknowledged the signiﬁcance of
seed dispersal mechanisms in domestication [33–35]; however, few of these studies looked be-
yond the role of tough rachises in large-grained cereal domestication or nondehiscent pods in the
domestication of some legumes. In this paper, I argue that all evolution of plants under the ﬁrst
steps toward domestication, during the early and mid-Holocene (before ca. 5000 years ago),
was linked to a shift in seed dispersal mechanisms (Table S1 in the supplemental information
online and Figure 1). Therefore, domestication is the evolution of new traits in order to support
a mutualistic relationship with humans, and it was an inevitable evolutionary response in plants
to (i) increasingly more complex human harvesting practices, notably sickle harvesting (seed pre-
dation), seed saving, seed trading, and sowing (dispersal); (ii) increased human population size
(herbivory pressure); and (iii) sedentism (an evolutionarily signiﬁcant time scale of continual
selective pressure). Substantially, evolution under cultivation is no different from the evolution of
mutualism or antiherbivory defenses as a response to any heavy herbivory pressure and is simply
an example of keeping pace with the Red Queen [36].
Parallel Evolution of Traits for Seed Dispersal
Scholars recognize the parallel evolution of domestication traits, often called the ‘domestication
syndrome’; however, it is not always acknowledged that this parallelism is due to similar selective
forces associated with herbivory and seed dispersal [33]. Archaeologists and biologists have
studied the switch from the wild to the anthropogenic seed dispersal state in large-seeded ce-
reals and legumes [33,37]. They have studied, in detail, the transition from a brittle rachis to a
tough rachis and the role of hygroscopic awns (trypanocarpy) in dispersing and burying large
grass seeds [35]. Likewise, studies have illustrated that these cereal crops naturally form dense
monodominant ﬁelds, which were key for early human harvesting. Greater sibling competition
in these dense ﬁelds may also have driven evolution of larger seeds with greater offspring provi-
sioning. However, shattering rachises, awns, and dehiscent pods represent only a few of the wildTrends in Plant Science, April 2020, Vol. 25, No. 4 341
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Figure 1. Map of the Regions or Centers of Domestication Globally, as Proposed and Discussed by Larson et al. [1]. Recognized regions of domestication:
1) Southwest Asia; 2) Savannahs of West India; 3) South India; 4) East Indian Plains; 5) North China Plains; 6) Yangtze Basin; 7) Japanese Islands; 8) Southern Himalaya; 9)
New Guinea; 10) Eastern North American Plains; 11) Meso-america; 12) Lowlands of South America; 13) Central/South Andes; 14) West Africa Sahel; 15) East Africa
Savannah; 16) Ethiopian Plateau. These centers correlate with the crops presented in Table S1 in the supplemental information online.
Trends in Plant Sciencedispersal mechanisms employed by crop progenitors (Figure 2B). Notably, the majority of do-
mesticated crops were dispersed through animal vectors, most of which were megafaunal mam-
mals (deﬁned here as any animal larger than 40 kg) [38,39,64]. The effects of the late Pleistocene
megafaunal extinctions on these populations have almost completely been overlooked. Janzen
and Martin [38] recognized the megafaunal dispersal mechanism as being signiﬁcant for many
of the fruits that we eat today, and Janzen [39] went on to illustrate how megafaunal ruminants
spread herbaceous plant seeds.
Endozoochoric Fruits and Megafaunal Mammals
The role of seed dispersal in domestication is most evident when looking at the domestication of
fruit crops; ﬂeshy fruits are, generally speaking, evolutionary adaptations for dispersing seeds by
means of an animal vector. Basic traits of fruiting plant domestication include increases in seed or
pit size, pericarp tissue, and concentrations of sugars. In large-fruiting wild plants, these traits
evolved to recruit megafaunal dispersers, attracted by large sweet fruits. Despite the metabolic
consequences for trees, cucurbits, and Solanaceae plants (solanids), these traits clearly increase
overall ﬁtness in an anthropogenic niche; they are also maladaptive under natural selective pres-
sures (nonanthropogenic). Large fruits in most ecosystems today rarely disperse far enough from
the parent trees or siblings to pay back the metabolic investment in fruit production. A feral apple
tree, for example, often has rotting fruit under it in the fall unless it is located in a horse pasture,
and it is plausible that the species might either go extinct or evolve smaller fruits (across the pop-
ulation) without humans. Most large-fruiting crops are effectively obligate domesticates, without
the large animal dispersers of the Pleistocene and earlier. Surveys of the progenitors of these
large-fruiting trees and cucurbits show that, in most cases, they have small distribution ranges342 Trends in Plant Science, April 2020, Vol. 25, No. 4
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Figure 2. Images of Progenitors and Landraces of Modern Crops That Effectively Illustrate How the Process of Evolution of Seed Dispersal-Based
Mutualism Occurred in Crops. Four distinct pathways toward domestication are illustrated, all of which are tied to a shift in seed dispersal mechanisms. All of the
earliest domesticated plants effectively ﬁt into one of these four pathways: (A) arboreal crops with ﬂeshy fruits, (B) mechanically dispersed annuals, (C) cucurbits and
herbaceous plants with ﬂeshy fruits, and (D) dry-fruited, small-seeded annuals. (A) A domesticated apple (Malus pumila/domestica) with its four wild relatives that
collectively contributed to a hybrid complex (M. sieversii, M. sylvestris, M. baccata, and M. orientalis). (B) Dorsal and ventral views of a wild barley grain (Hordeum
vulgare spp. spontaneum), with an inset magniﬁcation of a brittle, smoothly broken rachis and an example of a modern hulled barley grain below. (C) Wild Cucurbita
texana, one of the members of the squash hybrid complex and two landraces of C. pepo. (D) Wild examples of Chenopodium album and Amaranthus albus with
landraces of quinoa (C. quinoa) and amaranth (A. caudatus), illustrating the trajectory toward domestication.
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eral, throughout the Holocene, large-fruiting species of trees have become increasingly restricted
in range due to poor seed dispersal [38,40–45], except in Africa, where large frugivorous dis-
persers still exist. In some cases, fruits have evolved to be smaller as a response to the loss of
large Pleistocene mammalian dispersers [43]. The lineages of these fruit trees that have survived
into the Holocene tend to propagate through shoots and natural cloning rather than via seeds
(e.g.,Malus sieversii, Prunus mira, Asimina triloba,Maclura pomifera). Often these dense, clonally
reproducing wild stands continue to produce extensive generations with energetically costly
fruits, which then decompose under the trees, leading to density-dependent seed death through
fungal attack, fermentation, seed predation from small animals, or parent/sibling competition.
Large fruits coevolved with megafaunal mammals around the world [12,25], and humans are
the most ubiquitous megafaunal mammal to survive the Pleistocene/Holocene boundary. The
evolution of even larger fruits and larger seeds under human dispersal is substantially no different
from the evolution of large fruits in response to proboscideans (notably gomphotheres), Xenarthra
(e.g., Glyptodon spp., megalonychids, megatheriids), Perissodactyl (e.g., rhinoceroses, equids),
or earlier large primates.Trends in Plant Science, April 2020, Vol. 25, No. 4 343
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ism, primates are particularly responsible for driving the evolution of larger fruits [46,47].
Primates can consume and carry large-seeded fruits; in some tropical forests, they are
the primary factors in determining forest vegetation communities, essentially creating or-
chards of primate-dispersed fruit trees [48]. High postdigestion germination rates and ex-
tensive dispersal distances have been recorded for all great apes, and these megafaunal
primates can disperse hundreds of seeds over great distances daily [49]; additionally,
they can readily disperse seeds larger than 2.0 cm [50]. The coevolutionary bond between
primates and large-fruiting angiosperms has been a continuous process since the Eocene
[31,47]; humans are just a recent iteration of this mutualism. Therefore, the evolution of
agriculture-type seed dispersal–based mutualism in primates has been developing for at
least 40 million years.
Ruminant Grazers and Millet Domestication
While monogastric species can pass relatively large seeds, ruminant grazers (Bovidae) have
a much more effective digestive system. The restricted cecum of most ruminants, combined
with double digestion, heavy mastication, and fermentation, constrains the size and the
physiomorphological makeup of seeds that can pass through the digestive system and remain
viable [51,64]. Ruminant-dispersed plants are mostly herbaceous, contain hard seed coats,
and have small seeds, which are often round with smooth surfaces [12,39,51,64]. Most of
these plants evolved to display seeds on top of their terminal leaves, often lack mechanical de-
hiscence, and produce abundant generations [52,53]. The global fossil record shows that an-
nuals diversiﬁed and radiated in response to grazing animals during the Miocene, leading to the
ﬁrst grasslands [26,31,53]. Paleogene megafaunal Perissodactyla (including equids, rhinocer-
oses, and tapirs) were far more likely than true ruminants to disperse large seeds and consume
sugary fruits. Artiodactyla (including bison, deer, and their relatives) are responsible for the
prominence of small-seeded herbaceous plants that dominate grasslands today [12,54]. In
some cases, the evolution of annuals in response to ruminant grazing led to herbivory de-
fenses, such as an increased production of phytoliths or secondary compounds. In other
cases, plants evolved mutualistic relationships, such as through seed dispersal. Holocene
grasslands are occupied by small herbaceous plants that have phenotypic adaptations to sup-
port endozoochoric dispersal.
Studies of seed composition in herbivore dung and seed germination rates postdigestion il-
lustrate that many progenitors were dispersed by mammalian megafaunal grazers [51,64].
Larger seed sizes and greater provisioning allow plants to outcompete their neighbors; how-
ever, seed size is often constrained by dispersal mechanisms and seed predation rates [31].
The constraint of the ruminant dispersal mechanism (rarely passing viable seeds larger than
2.0 mm) is one factor explaining why so many of our noncereal grains are small today. Some
examples of modern crops that had progenitors with ruminant seed dispersal traits include
chenopods (Chenopodium spp.), most of our millets, buckwheat (Fagopyrum spp.), maize
(Zea mays), hemp (Cannabis sativa), and most of the lost crops of the Eastern Agricultural
Complex [55,64]. Switching to anthropogenic dispersal may have allowed a rapid increase
in seed size as a response to increased sibling competition in cultivated ﬁelds, and it also
led to a reduction in seed coat thickness due to the reduced adaptive advantage of dor-
mancy, lack of a need for the protective structure, and the energy expenditures associated
with producing it. The role of megafaunal grazers in the dispersal and evolution of the pro-
genitors of many of our small-seeded annual crops has almost completely been overlooked.
Recently, Spengler and Mueller [64] illustrated this evolutionary process in early domestica-
tion of small-seeded annuals.344 Trends in Plant Science, April 2020, Vol. 25, No. 4
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Evolutionary changes can sever more than one function in a plant [18]. For example, dormancy is
often closely tied to endozoochoric dispersal [39]. Systematic studies of germination after diges-
tion illustrate how effective the process is at breaking dormancy [39,56]. Paleontological evidence
even suggests that the evolution of dormancy was a prerequisite for endozoochoric dispersal and
that seed dispersal–based mutualism was the key factor in angiosperm diversiﬁcation [26,31].
Small-seeded annuals with hard seed coats usually evolve mechanical dormancy, often not ger-
minating until the seed coat is broken and water absorption is permitted. Therefore, the evolution
of hard seed coats in species, such as Chenopodium spp., would have allowed simultaneous
dispersal through time and space. Seeds that are successfully dispersed through space have
no need to disperse through time and effectively germinate after defecation. Due to the loss of
endozoochoric dispersal and the loss of a need for energetically costly (or neutral) thick seed
coats, there was a strong selective pressure against dormancy through sowing and seed saving
during early cultivation [34]. These compounding unconscious selective pressures resulted from
cultivation and could have rapidly broken dormancy. Still, early farming of high-dormancy plants
likely relied, at least in part, on established homogenous vegetation patches and the soil seed
bank to avoid high seed loss until dormancy was broken [51,64]. The seeds lying dormant in
the seed bank from previous years would have helped cushion losses from seeds not germinating
in a given year; over time, the plants in the anthropogenic environment would express less dor-
mancy. The breaking of dormancy was directly tied to a switch from a wild to an anthropogenic
dispersal mechanism.
Domestication: An Evolutionary Response to Human Herbivory
‘Why’ humans domesticated plants and animals has remained one of the most asked questions
in both anthropological and biological studies. However, if we accept that domestication is an in-
evitable consequence of the broader evolutionary process and competition between species,
then the question becomes as nonsensical as asking why the rabbit runs fast or why the lion
has sharp teeth. Humans did not domesticate the grass, nor did the grass domesticate the
human; they coevolved in unison [57]. The grass morphologically evolved in a way that allowed
a tighter mutualistic relationship to form from a formerly predatory relationship of heavy seed pre-
dation. The new traits of tough rachises, loss of dormancy, thinner seed coats, and nondehiscent
pods increased ﬁtness for both the plants and the human seed dispersers. As human cultural
practices of the late Pleistocene and early Holocene became increasingly more complex, the se-
lective pressures that people asserted on the organisms around them changed. Likewise, as
human populations became larger and they started applying more pressure on one population
of organisms (sedentism), the driving forces for evolution increased. Ultimately, those organisms
were forced to keep pace or go extinct; a select handful of rapidly reproducing (annual) plants
were able to evolve new traits that allowed a more beneﬁcial symbiosis with humans.
The number of centers or regions of plant domestication is still debated; some scholars accept
that plants independently evolved domestication traits for the ﬁrst time (without human knowl-
edge of cultivation prior) in as many as 11 loci globally [1]. In Figure 1 and Table S1 in the supple-
mental information online, I present each of the crops that appear to be the ﬁrst crops in these
centers, based on archaeobotanical data. These early crops were all brought under cultivation
during the early or mid-Holocene. I do not discuss crops that were ﬁrst cultivated during the
past two millennia, because conscious human breeding drove faster evolution and selection for
a wide variety of other traits. I am intentionally conservative with the dates in Table S1, and, in
many cases, evidence for cultivation predates evidence for morphological change by several
millennia. In this paper, I am not attempting to look at the cognitive changes in humans that led
to sickle harvesting and seed saving; I am focusing on the biological responses in plants toTrends in Plant Science, April 2020, Vol. 25, No. 4 345
Trends in Plant Sciencehuman cultural practice. Scholars still know relatively little about the process or domestication
in root or stem crops, largely because they do not preserve in the archaeological record.
People have clearly been harvesting root and stem crops from the wild since at least the middle
Pleistocene and likely much earlier, with some limited evidence for intentional cultivation dating
to as early as 7000 to 5000 years ago [58]. Currently, there is limited evidence for evolutionary
changes in these plants before the late Holocene (after 5000 years ago), although future
research may change this. More importantly, there is no clear mechanism of evolutionary
selection among plants that were cultivated for their vegetative parts. Likewise, traditional
cultivation practices for vegetative crops, notably root/stem crops, rely on clonal reproduction
and low labor investments, ultimately not imposing strong selective forces. Until new data
are brought to bear, we should not assume that root crops were morphology domesticated
during early human cultivation, although other biological processes may have played a role
in changing plant morphology in this group of crops – speciﬁcally, developmental plasticity or
epigenetic inheritance, which are distinct from the introgression of genes or shifts in allele
frequencies.
All of the earliest examples of plants evolving in response to cultivation activities ﬁt into one of
four general pathways toward domestication (Figure 2 and Table 1, Key Table). All four of
these pathways represent a shift from a wild to an anthropogenic seed dispersal mecha-
nism. The most heavily studied of these systems is the loss of mechanical forms of dehis-
cence, such as in cereals and legumes (Figure 2B and [37]). However, most crop
progenitors (excluding the large-grained cereals, rice, and large-seeded legumes) were dis-
persed by means of ingestion and transport by animals. In the case of arboreal fruit trees,
dispersal relied on either monogastric frugivores or omnivores (Figure 2A and [59]). The
same basic process of a shift from wild animal to human dispersal occurred in many
small-fruiting, often avian-dispersed plants, such as with cherries (Prunus avium). Domesti-
cated cherries demonstrate how plants that evolve traits to recruit a new disperser often
sever mutualism with previous dispersers, and many varieties of domesticated cherries are
too large for birds to swallow. The fact that cherries remained relatively small before
human cultivation illustrates how fruit and seed size are often constrained by a dispersal
mechanism. Additionally, several herbaceous fruiting plants followed a similar trajectoryKey Table
Table 1. A Selection of Familiar Examples of Plants That Shifted Their Seed Dispersal Mechanisms
under Human Cultivationa
Dispersal form Dispersal animal guild Associated evolutionary changes Some familiar examples
Mechanical dispersal Toughening of the rachises;
nondehiscent pods








Larger fruits; larger seeds; reduced
triterpenes
Squashes, melons
Solanids Avian Larger fruits; larger seeds; higher sugar
concentration
Peppers, tomatoes




















Larger seeds; loss of dormancy;
thinning of the seed coat
Quinoa, buckwheat,
amaranth, millets
aThis table displays the four pathways toward domestication in the earliest plants from each area of domestication (see also Figure 2): arboreal plants with ﬂeshy fruits,
mechanical dispersal, herbaceous plants with ﬂeshy fruits, and herbaceous plants with small/dry fruits.
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Outstanding Questions
Researchers have heavily focused on a
select handful of domesticated plants,
notably large-seeded annual grasses
and legumes. These crops are not
characteristic of the hundreds of other
domesticated species on the planet
today. We know little about the evolu-
tionary driving forces in the other
crops, notably in long-generation pe-
rennials. Future research needs to
focus on the evolutionary driving forces
that led to morphological changes in
the rest of the domesticated plants.
Studies of evolution under cultivation
can signiﬁcantly beneﬁt from an
understanding of evolution in the
wild, especially fossil evidence for
seed dispersal. Collaborations between
paleontologists and archaeobotanists/
archaeogeneticists are necessary as the
ﬁeld moves forward. Understanding
how plants evolved new seed dispersal
mechanisms in the wild can inform us
about the evolutionary processes under
early cultivation.
Scholars studying plant domestication
need to let go of concepts of human
innovation and to stop looking for
rational driving forces for these
innovations. The question of ‘why’
humans domesticated plants has
bogged down the entire ﬁeld in
circular discussions for over a century.
The ﬁrst step in understanding the
domestication of any plant should be the
study of the progenitor’s seed dispersal
process. However, we still do not know
what the ancient seed dispersers were
for many endozoochoric plants and
what phenotypic traits allowed for such
dispersal mechanisms.
Trends in Plant Sciencefrom avian dispersal, as seen in the solanids, or megafaunal dispersal, as in cucurbits (likely
gomphothere or glyptodons; Figure 2C and [45]). The last of these categories includes small
herbaceous plants with small seeds that evolved for dispersal by ruminant grazers, which
inadvertently consume the seeds while eating the vegetation (Figure 2B) [64].
Concluding Remarks and Future Perspectives
Whether the mammalian dispersers were recruited through sweet, ﬂeshy fruits or green foliage,
high gene ﬂow rates and ability to colonize new territory drove adaptation [52,60,64]. In many
cases, the loss of megafaunal dispersers during the late Pleistocene extinctions reduced the
rates of gene ﬂow in these plant clades [40,43,61] and, in some cases, drove corollary extinctions
in obligate plants. Megafauna-dispersed crop progenitors in many areas of the world today have
reduced ranges (e.g., Polygonum erectum [51,64]), are often endangered or extinct (e.g., for
many Cucurbitaceae), and many reproduce clonally through shoots (e.g., Malus sieversii). In
some cases, megafauna-dispersed plants evolved during the Holocene to recruit new dispersers
[43], a process analogous to domestication. These genetically isolated, fragmentary populations
with low rates of gene ﬂow had a predisposition toward domestication; that is, they were genet-
ically ‘ready’ for the recruitment of a new disperser.
Gene ﬂow is one of the strongest forces driving evolution in plants [13]; therefore, evolutionary ad-
aptations selecting for greater rates of seed dispersal can rapidly change allele frequencies. These
changes are most visible when plants are brought under cultivation and the seed dispersal mech-
anism shifts to human dispersal. Conscious human-driven breeding only took place several
millennia after the traits relating to the human dispersal syndrome in pioneer plants were ﬁxed.
By using nonanthropogenic examples of the evolution of seed dispersal–based mutualism, we
can better study how the early processes of domestication took place and address more-press-
ing questions of plant domestication (see Outstanding Questions). For example, understanding
how plants evolved to recruit megafaunal dispersers and how they are now evolving to cope
with the loss of these dispersers directly inﬂuences our understanding of evolution under cultiva-
tion [40,43,61]. Likewise, this approach supports discussions of a much deeper time depth for
anthropogenic selective pressures [62,63] and ties in to discussion of the evolution of dispersal
traits in nonhuman primate–dispersed species. Domestication is part of the evolutionary arms
race, whereas plants evolved to recruit humans as seed dispersers in response to heavy
human herbivory/seed predation and a need for gene ﬂow.
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